Abstract-A layer-by-layer approach was used to deposit coatings of thickness of order 10 nm onto a multimode optical fibre from which the cladding had been removed, with the aim of demonstrating a fibre-optic ammonia sensor. The film was composed of alternate layers of tetrakis-(4-sulfophenyl) porphine (TSPP) and poly(diallyldimethylammonium chloride) (PDDA) deposited using the electrostatic self assembly process. Exposure of this material to ammonia induces a change in the absorption spectrum, which can be observed in the transmission spectrum of the coated optical fibre. The ammonia sensor shows a linear sensitivity in the concentration range of 0.1-50 ppm and the sensor response and recovery times were less than 30 seconds. The sensor was exposed to different chemical compounds (toluene, pyridine) in order to study the sensors selectivity.
INTRODUCTION
Sensing of chemical compounds is very important in the monitoring of outdoor and indoor environments (air and soil pollutions, and sick building syndrome) [1] , health monitoring (allergy and cancer) [2] , and crisis-management (detection of hidden bombs and landmines) [3] . Sensitive, reliable and cheap sensors for application in different areas of human activities are still sought. Detection of ammonia gas is desired but not yet effectively achieved in the environmental, automotive, chemical and medical areas [4] . A number of different sensor techniques can be employed for the detection of chemical species through the measurement of electrical [5] , amperometric [6] , optical [7] and other physical parameters [5] [6] [7] [8] [9] .
The combination of optical fibre devices with chemically sensitive coatings offers a universal platform for the development of sensitive and selective sensors [10] . In general, sensitive elements are needed for efficient fibreoptic sensing, which amplify the chemical interaction of analytes and convert it into a measurable optical response as signal. Current researches in the field of optical sensors focus on the creation and development of new sensitive elements which can expand areas of application and increase the number and range of the analytes that can be measured by optical sensors [11] [12] [13] [14] .
This article describes the use of the layer-bu-layer (LbL) method for the deposition of a porphyrin thin film onto a multimode silica core/plastic clad optical fibre with the aim of developing an evanescent wave type fibre-optic gas sensor. The principle of operation of the device is based on the measurement of ammonia-induced changes in the absorption spectrum, which can be observed in the transmission spectrum of the coated optical fibre. As light travels along the core of the optical fibre a small portion of energy penetrates into cladding in the form of an evanescent wave. The intensity decays exponentially with the distance from the interface between cladding and surrounding environment. The penetration depth of the evanescent wave is described by (1):
where, λ is wavelength of the light in the free space, n c is the refractive index of the cladding and n eff is the effective refractive index of the mode guided by the optical fibre.
Three thin film samples of different thicknesses were prepared to assess the effect of film thickness on the sensitivity of the device. The samples were also exposed to different chemical compounds in order to study the selectivity of the sensor device.
II. EXPERIMENTAL PROCEDURE

A. Materails
Tetrakis-(4-sulfophenyl)porphine (TSPP) and poly(diallyldimethylammonium chloride) (PDDA, Mw: 200000-350000, 20 wt% in H 2 O) were purchased from Tokyo Kasei, Japan. All of these chemicals were reagents of analytical grade, and used without further purification. Deionized pure water (18.3 MΩ·cm) was obtained by reverse osmosis followed by ion exchange and filtration (Nanopure Diamond, Barnstead, Japan). A HCS200 multimode silica core/plastic cladding optical fibre (OF) of core and cladding diameter 200 µm and 400 µm respectively was purchased from Ocean Optics (USA). Figure 1 shows a schematic illustration of the electrostatic layer-by-layer adsorption method used for the deposition of alternate thin films onto a multimode optical fibre with a core diameter of 200 µm.
B. Optical fibre preparation
Before film assembly, the previously stripped area of the optical fibre was cleaned with concentrated sulfuric acid (96%), rinsed several times with deionized water, treated with 1 wt% of ethanolic KOH (ethanol/water = 3:2, v/v) for a few minutes, rinsed with deionized water, and dried by flushing with dry nitrogen gas. Films of 5, 10 and 15 cycles were deposited on the activated section of the optical fibre. The films were prepared by alternate adsorption of PDDA (5 mg mL -1 in water) and TSPP (1 mM in water) by immersing the optical fibre in 150 µL of the solution with intermediate processes of water washing, rinsing with deionized water, and drying by flushing with nitrogen gas being undertaken between the two deposition processes (where one cycle is considered to be a combined PDDA/TSPP bilayer). The films are denoted by (PDDA/TSPP) x , where x indicates the number of adsorption cycles. In every case, the outermost surface of the alternate films was TSPP. The assembly process was monitored using a S1024DW spectrometer (Ocean Optics). The absorbance was determined by taking a logarithm of the ratio of the transmittance of the coated fibre, T (λ), to that measured prior to film deposition, T 0 (λ), as described in (2) ) (
C. Optical measurements
The fibre optic spectrophotometer (Ocean Optics S1024DW) was used for monitoring the optical changes induced by gaseous chemical species that came into contact with the sensor films. The sensor response at a given concentration was measured every second by recording the transmission spectrum of the film deposited on the optical fibre. The dynamic sensor response was measured at wavelengths of 470 and 720 nm, corresponding to the Soretand Q-bands of the porphyrin compound, respectively. Figure 1 . Schematic illustration of the layer-by-layer adsorption of TSPP and PDDA.
The baseline spectrum of each experiment was recorded by passing dry air through the measurement chamber until the signal measured at the wavelengths of 470 and 720 nm reached equilibrium. In order to study the selectivity of the sensor films, different analytes such as ammonia, toluene, and pyridine with concentrations in the range of 0.1 -50 part per million (ppm) were used.
The sensor response of the optical fibre was calculated using the following equation:
, where I 0 and I are the light intensities of the TSPP film in the presence and absence of ammonia at a given wavelength. Figure 2 shows an apparatus of the two-arm gas-flow generation system used for the admission of analytes into the measurement chamber in order to characterise the sensor parameters. In this flow system compressed air was used as a carrier gas. The carrier gas was passed through a specifically designed evaporating holder containing an analyte to be detected, the analyte vapour being in equilibrium with its liquid. Both the evaporating holder and the measurement chamber are double jacketed and the carrier gas was administered through the flow meters at flow of 1 L/min. Figure 3 shows absorbance changes due to the deposition of PDDA/TSPP layers over the 1cm-removed section of the optical fibre. The largest absorbance change was observed at the wavelength of 430 nm. The absorbance spectra of the PDDA/TSPP films are characterized by a double-peak in the Soret band occurring at 430 nm and 500 nm, and by a pronounced peak of the Q band at 720 nm. The double-peak in the Soret band is attributed to the ordered J-aggregation of the TSPP moiety [15, 16] . On the other hand, the intensity of the Q band at 720nm may be influenced by the electrostatic interaction of the TSPP with PDDA. The thickness of the deposited film can also influence the sensor's response. Consequently, three films with different thicknesses were deposited on the optical fibre to assess the effect of film thickness on the sensor's performance (data not shown).
III. RESULTS AND DISCUSSIONS
A. Optical spectra of the PDDA/TSPP film
B. Optical response to ammonia
In order to confirm the behaviour of the Soret-and Qbands of the porphyrin compounds more clearly some films were deposited on quartz plates. Figure 4 shows the absorbance changes in the absorption spectrum of quartz plate coated with 15 layers of (PDDA/TSPP) 15 by exposure to ammonia in the range 0-100 ppm. The inset shows the decrease of the Soret band absorbance centred at 485 nm induced by exposure to increasing concentrations of ammonia. Upon exposure of the (PDDA/TSPP) 15 film to ammonia, the largest absorbance change was observed at 700 nm, but no changes were observed at 425 nm (1 st Soret band). Changes occurring at second Soret-band (485 nm) and Q-band (702 nm) can be assigned to the deprotonation process from the pyrrole moieties of the porphyrin ring, which is accompanied by a decrease of the absorbance [26] . The absorbance changes of the Soret band in the PDDA/TSPP films with different coating thicknesses are shown in Figure 5 . All of the films exhibit similar spectral changes when exposed to ammonia. The amplitudes of the changes, however, are different. The sensitivity is seen to be dependent on the thickness of the coating; the 15-cycle film exhibits the highest sensitivity to ammonia, whereas the 5-cycle and 10-cycle films have similarly lower sensitivities to ammonia.
Dynamic absorbance changes induced by ammonia in the 10-layer PDDA/TSPP film were monitored at 350, 470, 658, and 720 nm. Figure 6 shows the data at 470 nm. The response time and recovery time (t 90 ) of the sensor at different concentrations of ammonia were estimated to be within 2.1 min and 3.9 min, respectively. The sensor response is fully reversible for low ammonia concentrations (up to 1 ppm), but at higher concentrations longer air-flushing times are needed to regenerate the original sensor parameters [18] . Alternatively, the sensor response can be regenerated by rinsing for few seconds in distilled water and the adsorbed ammonia molecules could be essentially removed through the desorption process [18] .
The optical sensors were also exposed to different chemical compounds (toluene or pyridine) in order to study the selectivity. The sensor response was highly specific to ammonia and was negligible when the films were exposed to pyridine and toluene.
In conclusion, a highly sensitive fibre-optic gas sensor using a porphyrin-assembled thin film was demonstrated. The sensor showed high sensitivity, fast response time (within 30 sec) and high selectivity to ammonia with a limit of detection of 0.5 ppm.
